Abstract In this paper, a synchronized control strategy of double fed induction generator that can provide reserve capability and primary frequency support for microgrid is firstly developed. The microgrid based small signal stability performance is investigated under multiple operating conditions. The effect of three categories of key controller parameters on dominant eigenvalues is studied by sensitivity analysis, including: 1) active power drooping coefficient; 2) reactive power drooping coefficient; 3) parameters of outer loop excitation current control. Finally, some constructive suggestions on how to tune controller parameters to improve microgrid's small signal stability performance are discussed.
Introduction
In recent years, as an effective means of accommodating renewable energy generation, microgrid technologies are attracting world-wide attention. In a microgrid, wind turbine generators (WTGs) have significant impact on the stable operation of microgrid and energy storage (ES) devices are usually equipped accordingly due to the fluctuation and randomness of wind power output [1] .
Although double fed induction generator (DFIG) is one of the most widely installed WTG types, most DFIGs are lacking of regulation capability similar to those conventional synchronous machines (SMs) [2, 3] . This problem is trivial in cases that DFIGs are connected with conventional power grid with a large number of SMs, however it will possibly cause serious frequency stability and power balance problem in microgrid environment characterized as weak equivalent inertia (few rotating elements), small system capacity, high penetration of new energy and large amount of power electronic devices.
There are some publications reported on how to overcome these problems when WTGs are installed in microgrid. One solution is to install ES equipment and improve existing ES control strategies. For example, by introducing synchronized control logic, ES can exhibit some virtual inertia characteristics and compensate for rotating element deficiency in microgrid [4, 5] . However, this solution could result in an increase of overall investment. On the other hand, some works focus on how to improve the existing WTG control strategies. The idea behind is to let DFIG participate in system frequency regulation and thus reduce the ES control effort [6] [7] [8] . In [6] , droop control is introduced so that DFIG can play primary frequency regulation role. Further in [7] , DFIG control uses the system frequency derivative as signal input to emulate some inertial response function. In [9] [10] [11] , some design schemes for independent power supply to isolated loads are developed for DFIG.
Due to the high volatility of renewable energy generation, the operating conditions in a microgrid environment are very complicated. As a result, the controller parameter design for the purpose of microgrid small signal stability (SSS) enhancement has become a big challenge [12] . In [13] , a droop control-based ES in microgrid is designed and the effect of key ES parameters on SSS performance is discussed. In [14, 15] , the effect of DFIG with a constant power control scheme on the SSS performance of a single machine infinite-bus (SMIB) system is preliminarily investigated and an intelligence computational method is applied to optimize the controller parameters. On the whole, most of these studies only consider microgrid as an ES equivalent, i.e., the whole microgrid is treated as some external power source, WTG control strategy details are rarely discussed.
The purpose of this paper is to investigate the effect of WTGs on microgrid SSS performance under multiple operating conditions and hence some suggestions on WTG controller design are discussed. The main work of this paper includes: 1) A synchronized control (SC) strategy that can provide primary frequency support for microgrid is developed with active/reactive power droop controllers introduced. Therefore, the microgrid's capability to withstand load variation can be improved. 2) The small signal model of a typical microgrid composed of DFIG and ES is established. The effect of operating conditions and key controller parameters on the microgrid SSS performance is studied.
Microgrid control strategies
The isolated microgrid under study is shown in Fig. 1 . The microgrid is composed of one WTG and one ES and they are connected with the microgrid by two step-up transformers. Both of the DFIG and the ES here have similar control strategy and logic, in the following the DFIG control strategy will be elaborated and the ES control scheme will be briefly presented.
Induction generator modeling
Different from the grid-connected system, the isolated microgrid control scheme adopts a dq rotating frame at a speed x e (the stator flux speed), as illustrated in Fig. 2 . x e is not always equal to synchronous speed [9] . For transformation purpose, the other two related reference frame, the stationary reference frame (ab) and the rotor reference frame (DQ) are also given here [16] .
The well-known 4th order induction generator is used in the study. Under the rotating dq axis, the voltage and fluxlinkage equations of DFIG in per unit system (including the time) can be given as follows
where the meaning of variables is explained in Table 1 .
DFIG rotor side synchronized control
To overcome the early DFIG's lacking of frequency regulation in isolated power system, a novel DFIG supplementary frequency control strategy is developed in [9] to maintain an isolate operation, as illustrated in the rotor Small signal stability analysis of a control-based microgrid 245 current control part of Fig. 3 . But this scheme can only set a fixed frequency for each DFIG, which may suffer from potential coordination problem in an isolated microgrid with multiple DFIGs and other power sources.
To solve this problem, in this paper an additional droop control chain is added in the forward path, as shown in the droop control module of Fig. 3 . The droop control is used so that DFIG and ES source can share the system load changes and provide frequency support without communication. All variables in Fig. 3 are explained in Table 1 .
The concept of SC is to make non-synchronous power sources emulate the synchronous units' function which include power reservation, primary frequency control, secondary frequency control, inertial response, voltage regulation, etc. The whole control scheme shown in Fig. 3 is termed as DFIG synchronized control, as it can provide reserve capability for frequency regulation and synchronization support. By introducing the droop control, the reference value of the stator excitation current i ref ms can be obtained from the external demand, which can realize the decoupling of the stator flux with the microgrid frequency.
For control design purpose, the d-axis oriented along the stator flux is used in Fig. 3 and all control variables will ultimately be transformed into the common dq reference frame. Considering the difference between the rotating rotor and the stationary stator, a transformation diagram of abc/dq on stator and rotor sides is plotted in Fig. 4 , their inverse transformation dq/abc can be easily derived. All these transformations are also valid to the ES control scheme by using the corresponding ES control variables.
The proposed SC scheme in Fig. 3 is mainly compose of two controllers: a) power droop controller; b) rotor current controller.
Power droop control
In the droop control scheme, the WTG stator flux speed command (x e ) is introduced from the output of the active power droop control, i.e., the active power droop control plays a role of setting the reference value for the stator flux speed. The output of the reactive power droop control gives the command of voltage reference. The droop control logic can be simply expressed as
ð3Þ where x 0 and V 0 are system rated speed and voltage. Under isolated microgrid operation, the power imbalance can be shared among different droop control power sources. With proper design of droop coefficient K P and K Q , new steady control target (x e , V ref ) can be reached by adjusting P ref and Q ref .
In the active power droop, the de-loading link is of great importance to the synchronized control, with its principle illustrated in Fig. 5 . Under the de-loading operation, the DFIG is not operated along the maximum power point tracking (MPPT) curve, but actively along some tracks below the MPPT curve (called de-loading curve) so that part of available wind energy can be store in the form of rotating kinetic energy. As explained in [17] , this energy can be released when needed, i.e., the de-loaded power serves as providing additional reserve capability.
A simple linear relationship between MPPT curve and de-loading curve is supposed. Given certain wind velocity, the corresponding power on MPPT point (the intersection between the MPPT curve and the power efficient curve) is denoted as P MPPT , then the corresponding active power reference P ref in the de-loading curve is as follows:
where K r is the DFIG reserve capability level coefficient. Larger K r means more frequency regulating capability retained in DFIG, thus better frequency support can be provided.
Rotor current control
On the whole, the rotor side converter (RSC) control scheme consists of two control loops. The inner loop control can regulate the d-axis and q-axis rotor current components, i rd and i rq independently. The outer loop control can regulate the active and reactive power independently [9, 10] .
a) The outer loop power control By adopting the stator flux orientation, it is obvious the following relationships can be obtained from (2):
where V m is the grid voltage amplitude. By substituting (5) into (1), the following expressions can be given,
From (6), an outer loop control law can be derived: 1) the excitation current i ms , which is related to the reactive power, can be controlled by i dr through a proportionalintegral (PI) loop, as shown in Fig. 3 ; 2) the q-axis stator current i qs , which corresponds to the active power, can be controlled by i qr . As a result, the active and reactive power can be controlled independently.
Further, the steady-state form of (1) gives a direct reference signal for the excitation current i ms :
The reference signal for the q-axis stator current i sq is easily given as follows
b) The inner loop current control By combining (1) and (2), the RSC control law can be given as follows
; DC dr and DC qr are two forward compensation items and can be ignored in SSS analysis.
Then the rotor voltages v dr and v qr can respectively be controlled by the rotor currents i dr and i qr via two inner loop current PI control links, as can be seen in Fig. 3 . The DFIG grid side converter (GSC) control are usually composed of two cascaded control loops [9, 10] : the inner loop current control regulate independently the d-axis and q-axis grid side current, i dg and i qg ; the outer loop control can regulate the dc-link voltage and reactive power exchanged between the GSC and the grid. In the GSC control scheme, the dq axis with the microgrid rotating speed x s is adopted for convenience. For sake of independently control of active and reactive power, the d-axis is aligned along the grid (stator) voltage position (v ds = V m , v qs = 0) [10] . The GSC control scheme is given in Fig. 6 .
The inner loop current control
In Fig. 6 , it is obvious that the following ac-side circuit equation holds.
The following relationship can be obtained in dq axis:
From (12) it can be derived that v dg and v qg can be regulated by i dg and i qg respectively via two inner current PI links, as shown in Fig. 6. 
The outer loop dc-link voltage control
From Fig. 6 , it is obvious that when neglecting the losses in the GSC and the circuit, the dc-link circuit has the following power flow equation
where P r and P g are respectively the power from RSC into the DC link and the power flowing into the grid. The purpose of dc-link voltage control is to control the active power exchange in the positive or negative direction between RSC and the microgrid by controlling v dc via feedback loop and the dc-link voltage PI link [9, 10] , as illustrated in Fig. 6 .
Reactive power control
Theoretically, both RSC and GSC can perform DFIG reactive power regulation function. In the study, the i ref qg is set to zero and the reactive power is dominated by the RSC control.
ES control
ES in the paper has similar synchronized control logic and structure to that of DFIG RSC control, which is shown in Fig. 7 . Here the ES control scheme are also composed of inner loop current control and outer loop active/reactive power control, more details can be found in [17] . Similar to the DIFG RSC case, it should be noted that since the droop control is applied here, so the corresponding frequency command (x b ) is direct from the output of the active power droop control. In addition, the voltage command is also direct from the output of the reactive power droop control.
3 Microgrid small signal stability analysis (SSSA)
Induction generator
Followed by (1) and (2), the generator dynamics with stator current and rotor flux as state variables can be given as follows: 
where 
Shaft system model
The two-mass model that can capture the effect of the turbine on the generator is used here, as illustrated in Fig. 8 .
where T shaft = D shaft (x t -x r ) ? K shaft h tw ; h tw is the shaft twist angle; H t and H g are the turbine and generator inertias, respectively; T t , T shaft and T e are respectively the mechanical, shaft and electromagnetic torque.
Pitch control
The pitch angle control of the blade is activated to prevent overrated power production in strong wind. The pitch control scheme is shown in Fig. 9 . The pitch servo dynamics are formulated as follows:
where K b and T b are the pitch control PI coefficients; T servo is the servo system time constant; x max is the maximum rotor speed allowed; b is the pitch angle.
RSC dynamics
When analyzing the RSC dynamics in Fig. 3 , the inner current control dynamic can be omitted due to its welltracking performance [14] . That means where K ms and T ms are the PI coefficients of the outer loop exciter current control.
GSC dynamics
Similarly, the inner loop current control is omitted and the outer loop dc-link voltage control dynamic in Fig. 6 can be expressed as
The dc-link dynamics is obtained directly from (13),
ES dynamics
Similar analysis to DFIG RSC is performed here and the following equations can be obtained from Fig. 7 .
where K ES and T ES are the PI coefficients of the ES outer loop active/reactive power control.
From (14) to (21), a set of state equations to represent the whole microgrid dynamics in the paper are formulated, which can be further linearized to form the small signal 
Case studies
Based on the SSSA modelling in Section 3, the microgrid system in Fig. 1 is studied. The rated power of DFIG and ES are 1.55 MW and 1 MW, respectively. The on-site load is 1.0 MW ? 0.2 Mvar. Other system data can be referred to in Appendix A. This section will focus on the effect of operating conditions and RSC controller parameters on the microgrid SSS performance. The effect of GSC controller can be referred to in [14] . Due to similar control logic and structure to DFIG RSC, the ES controller parameters have similar effect to those of DFIG RSC controllers and their details will not be discussed in the paper.
Effect of operating conditions
Operating condition can determine the initial stead state of dynamic system, thus affect the microgrid SSS performance. In particular, two types of multiple operating conditions are studied here: a) wind speed level; b) reserve capability level.
Wind speed
Three wind speed levels are investigated 1) low speed (6.5 m/s); 2) middle speed (9 m/s); 3) high speed (12.5 m/ s). Table 2 only lists the results of those dominant eigenvalues (k = a ? jb) when the DFIG is at MPPT operation (K r = 0).
Further, according to different DFIG reserve levels, K r = 0, 0.1 and 0.2, Fig. 10 gives the dominant eigenvalue locus when wind speed increases from 5 m/s to 14 m/s.
In Table 2 , k 1,2 are shaft related modes and are affected by the wind speed obviously. As can be observed in Table 2 and Fig. 10(a) , as the wind speed increases, the damping ratio (n ¼ Àa= ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
) or damping has a decreasing tendency. On the other hand, other oscillation modes in Table 2 are related to DFIG and ES controllers and are insignificantly affected by the wind speed.
Reserve capability level
Similarly, it is shown in Fig. 10 that among four oscillation modes K r has the greatest impact on the shaft modes k 1,2 , while its effect on other modes can be ignored. When more reserve capability is kept (larger K r ), the damping of the shaft modes increases. In other words, WTG's de-loading operation can improve the system SSS performance.
Effect of RSC controller parameters
Based on the oscillation modes listed in Table 2 , three categories of controller parameters are investigated: a) active power droop coefficient; b) reactive power droop coefficient; c) RSC outer loop excitation current control.
Sensitivity analysis is performed to analyze the effect of these parameters, by changing one parameter and others being fixed. The wind speed is 11 m/s (high wind speed) and WTG is at MPPT operation.
Droop coefficient K P
It is found that K P has much more effect on k 1,2 than other oscillation modes, while its effect on others can be totally ignored. So here only the locus of k 1 are given in Fig. 11(a) . Small signal stability analysis of a control-based microgrid 251
0.01
It can be observed that when K P increases from 0.01 to 0.2, the mode's damping is obviously enhanced, and from 0.2 to 0.4 its damping ratio is slightly reduced. That means K P need to be carefully tuned for microgrid SSS performance enhancement.
Further study indicate that decreasing the ES's active droop coefficient and keeping DFIG's K P fixed can have similar effect on k 1 . The reason is that according to the droop control principle the total power output are shared among different power sources according their droop coefficient proportion. That also means careful coordination between droop controllers can more effectively improve the system SSS performance, which can be studied in the future work.
Another potential benefit from the proposed control scheme is that both DFIG and ES can play the role of frequency support and thus the microgrid system can deploy smaller capacity/size ES to maintain the frequency stability compared with those constant power control schemes (e.g. [14, 15] ).
Droop coefficient K Q
The results of sensitivity analysis indicates that only k 3 is mostly affected by K Q , which can be well expected since it is an excitation current mode. Its locus are given in Fig. 11(b) . It can be seen that increasing of K Q will greatly enhance the damping of k 3 .
Parameters of RSC excitation current outer loop
The PI coefficients K ms and T ms are investigated. Sensitivity analysis shows that both of them have the most obvious effect on k 3 , and others can be ignored. The locus of k 3 with respect to these two coefficients are shown in Fig. 12 .
It can be observed that increasing K ms will enhance the damping of k 3 , while increasing T ms will reduce the damping. Too small K ms or too large T ms even will make this excitation current mode critical (close to the imaginary axis). Thus careful selection of these two parameters is desired under the microgrid environment.
Some observations and suggestions are summarized based on above discussion:
1) The operating conditions including wind speed and reserve capability level, and the active power droop coefficient have the most obvious effect on shaft modes, but have trivial effect on those controller related modes. 2) On the other hand, the reactive power droop coefficient, and the parameters of RSC outer loop controllers only have obvious effect on the excitation current modes. 3) The above observations indicate that the parameters that have similar effect on the same mode can be grouped and these grouping parameters can be tuned in an coordination way to improve the mode damping, which will obviously facilitate the RSC controller design.
Simulation validation
The performance of the proposed SC scheme is also compared with a constant power control scheme in [15] . The micro grid data, including those RSC and GSC and ES control scheme data are given in the Appendix A. In the constant power control case, only the RSC adopts the constant power control strategy, while other GSC and ES control schemes and data are the same to the synchronized control case. The control scheme's effectiveness in two cases are studied: a) wind speed variation; b) load disturbance.
Wind speed variation
To consider wind speed variation, the classic threecomponent wind speed model is used, with the model and data given in the Appendix B. The wind speed changes and the corresponding frequency responses are presented in Fig. 13 . It is clear that despite of wind fluctuation, the frequency can still stay stable under both control schemes, but the proposed SC scheme has better frequency recovery performance.
Load disturbance
To simulate a disturbance imposed on the system, a system load increase will be simulated. Here the effect of reserve coefficient K r and droop coefficient K P is preliminarily investigated as well.
Suppose there occurs a 50% increase of system load at t = 0.1 s, the corresponding frequency responses after disturbance are plotted in Fig. 14a , with K r = 0.1, K r = 0.2 and constant power control respectively considered. On the whole, it can be observed that the proposed SC scheme exhibits better control performance due to its microgrid-isolation oriented design. In addition, it is also shown that higher reserve level (larger K r ) can make the post-disturbance frequency recover better.
Further in Fig. 14b, a 20% increase of system load at t = 0.1 s is supposed and scenarios of K P = 0.08 and 0.2 are comparatively studied. In the simulation, K r is set to 0.1. As shown in the figure, smaller K P which means more contribution in primary frequency regulation has better frequency recovery performance.
Conclusion
An improved synchronized control strategy is developed for the purpose of microgrid SSS enhancement. With the extra frequency support from the DFIG, the microgrid system can deploy smaller capacity/size ES to maintain the frequency stability. Case studies have shown that some categories of controller parameters have independent effect on the microgrid SSS performance and this can help for RSC controller design. Careful coordination between droop controllers can more effectively improve the system SSS performance, and it will be our future work.
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Appendix A

Appendix B
The three-component wind speed model is defined by the following equation.
where V W , V WB , V WG and V WR are the total wind speed, the base speed component (usually constant), the gust speed component and the ramp speed component, respectively. The gust wind speed component is described by the following equation:
where T G0 is the gust start time; T G is the gust lasting time and V G,max is the gust peak value. The ramp wind speed component is modelled by the following equation:
where T R0 , T R1 are respectively the ramp start and end time; V R,max is the ramp peak value and its positive or negative value corresponds to ramp up or ramp down wind. The wind parameters used in the paper are given below. 
